ABSTRACT: An mRNA-specific reverse transcription (RT)-PCR primer set spanning the exon junction of a spliced putative terminase gene in the koi herpesvirus (KHV) was developed to detect the replicating stage of the virus. The proposed RT-PCR amplified a target gene from the RNA template, but not from a DNA template extracted from common carp brain (CCB) cells infected with KHV. In addition, the RT-PCR did not amplify the target gene of templates extracted from specific cell lines infected with either CyHV-1 or CyHV-2. RT-PCR detected mRNA from the scales of koi experimentally infected with KHV at 24 h post exposure (hpe). However, unlike conventional PCR, RT-PCR could not detect KHV DNA in fish at 0 hpe. The results indicate that the RT-PCR developed in this study is mRNA-specific and that the assay can detect the replicating stage of KHV from both fish and cultured cells infected with the virus. 
INTRODUCTION
All PCR methods that have been developed to date to detect cyprinid herpesvirus 3 (CyHV-3, Waltzek et al. 2005) , commonly known as koi herpesvirus (KHV), are highly sensitive and specific for the virus (Gilad et al. 2002 , Gray et al. 2002 , Bercovier et al. 2005 , Yuasa et al. 2005 . Given the relative resilience of DNA to degradation, PCR assays of KHV DNA extracted from viral capsids are generally successful, even when using tissues that have started to decompose (authors' unpubl. data). However, despite being able to effectively determine the presence of KHV based on whether viral DNA was detected by PCR, the ability to assay viral mRNA is considered to be preferable, as mRNA can be used to infer whether the virus is replicating.
Avoiding genomic DNA contamination of RNA samples is essential in mRNA assays, as amplification from genomic pseudogenes, related to the sequence, and reverse-transcribed cDNA is very difficult to distinguish in some instances (Smith et al. 2001) . However, it is generally very difficult to avoid genomic DNA contamination of samples with out incurring some loss of RNA. In a preliminary experiment in this study, we found that DNase treatment did not fully degrade the genomic DNA template extracted from the gills of moribund fish infected with KHV.
In general, the use of primers designed in 2 exons that span an intron is an effective method for detecting viral expression genes by reverse transcription (RT)-PCR as any DNA contamination will produce 2 differently sized amplicons (1 from the genomic DNA and the other from the expressed gene; Smith et al. 2001) . Alternatively, the use of splice-junction-spanning primers for RT-PCR can specifically amplify the target gene without amplifying any genomic DNA (Sternberg et al. 2004) .
The putative ATPase subunit of terminase is one of only a few spliced genes in herpes simplex virus type 1 (HSV-1; Dolan et al. 1991) . Terminase was first identified in λ phage as the enzyme responsible for packaging viral DNA into capsids (Miwa & Matsubara 1982) . Since the terminase complex is considered to play an important role in the packaging of DNA in the herpesvirus (Yang & Baines 2006) , as well as being essential for herpesvirus multiplication (Eizuru 2005) , recent studies have examined the potential for targeting the terminase complex to combat human herpesvirus. The terminase gene, which is a highly conserved (core) gene containing 2 exons, has been identified in channel catfish virus and frog herpesviruses (Davison 1992 , Davison et al. 2006 . In addition, complete genome analysis of KHV has shown the existence of a terminase gene that in cludes exon− intron structures (Aoki et al. 2007 ). Re cently, amino acid sequences from terminase genes were analyzed to estimate the phylogenetic relationships between the herpesviruses of aquatic animals (Waltzek et al. 2009a ). These studies revealed that the KHV terminase gene is conservative and in cludes splice junctions, which are useful targets for confirming the detection of an expressed gene.
In the present study, a primer set was designed in spliced variants of the terminase gene of KHV to establish an mRNA-specific RT-PCR method for detecting the replicating stage of KHV, and the sensitivity and specificity of the developed RT-PCR method were verified.
MATERIALS AND METHODS

Preliminary test. DNase treatment to remove DNA from samples
We first performed a preliminary test to determine whether DNase treatment can remove KHV DNA completely in the RNA extracts from common carp infected with KHV. Two common carp were intraperitoneally injected with 0.05 ml of the virus stock (see 'Verification Test 5. Detection of genomic DNA and terminase mRNA of KHV-infected carp). Total DNA and RNA were extracted from carp gills sampled at 3 and 7 d post virus-injection (dpi) using a Puregene DNA Extraction Kit (Qiagen) and an RNeasy Mini kit (Qiagen), respectively. Numbers of KHV genome copies in 5 µl of the 2 DNA extracts were determined with real time-quantitative PCR (Gilad et al. 2004) . RNA extracts were treated by incolumn digestion with DNase I (Qiagen) according to the manufacturer's instructions. Two PCR assays (Bercovier et al. 2005 , Yuasa et al. 2005 were performed with 1 µl of each DNase-treated RNA extract to confirm removal of DNA.
Primer design
A gene map of the putative, spliced KHV terminase gene and the sites of the primers used in this study are shown in Fig. 1 . The KHV terminase gene consists of 3 exons (Aoki et al. 2007 ). The mRNAspecific RT-PCR primer set A (a splice junction− annealing primer set) was designed, con sist ing of a forward primer (KHVRT F3: 5'GGC ATC GAC ATC ATG GTG CA'3) annealing to a splice junc- tion located between Exons 1 and 2 and a reverse primer (KHVRT R1: 5'ATT GCC GCT GGA AGC CAG GT'3) annealing at the end of Exon 2. In addition, primer set B (an intron-spanning primer set) composed of another forward primer (KHVRT F1: 5'TCA TGG GCA TCG ACA TCA TG'3) anneal ing at the end of Exon 1 and KHVRT R1, was designed to differentially detect the presence of both genomic DNA and mRNA in templates used in this study.
Verification Test 1. mRNA specificity of RT-PCR with the splice junction−annealing primer set A The specificity of the RT-PCR assay for detecting the putative KHV terminase mRNA was assessed using primer sets A and B and 3 templates. To prepare the templates, the virus (NRIA0308) isolated from a wild-caught, common carp in Japan was propagated in common carp brain cells (common carp brain [CCB] cells: Neukirch & Kunz 2001) using minimum essential medium (MEM) supplemented with 5% fetal bovine serum (FBS) in a 25 cm 2 culture flask at 20°C. At 7 d after inoculation of the virus, when an initial stage of the cytopathic effect (CPE), i.e. the vacuolation of cytoplasm, was observed, the cells were peeled with trypsin and collected in 2 microtubes for DNA or RNA extraction. Template 1 (total RNA with a low level of DNA contamination) was prepared by extraction from the KHV-infected cells in 1 of the tubes using TRIzol reagent (Invitrogen) and no DNase treatment. Template 2 (total RNA with a high level of DNA contamination) was prepared from a 1:9 mixture in volume of Template 1 with total DNA extracted from the infected cells in another tube using a Puregene DNA Extraction Kit (Qiagen). Template 3 was the total DNA, but treated with RNase (RNase-treated DNA). RT-PCR was performed using 2 µl of these 3 templates and 23 µl of the SuperScriptTM III One-Step RT-PCR system with Platinum Taq (Invitrogen). The thermal profile consisted of 55°C for 30 min, with inactivation of RT at 94°C for 2 min followed by 35 cycles of denaturation at 94°C at 30 s, annealing at 60°C for 30 s, and elongation at 72°C for 30 s followed by a final elongation step of 72°C for 7 min. In addition to RT-PCR, PCR with primer set A in which the RT reaction (55°C for 30 min) was omitted was performed to confirm whether the origin of amplicons in RT-PCR was mRNA. Primer set B, using the same reaction conditions as primer set A above, was used to confirm the presence of KHV DNA template.
Verification Test 2. mRNA from several KHV isolates
The mRNA of 5 KHV isolates was amplified by RT-PCR with primer set A; an American isolate (KHV-U) and an Israeli isolate (KHV-I) were provided by Dr. R. P. Hedrick of California University, and 3 domestic isolates (NRIA0301, NRIA837, and NRIA962) were obtained from infected, wild carp caught in Japan in 2003, 2006, and 2007, respectively . Total RNA of each isolate was extracted from CCB cells in a 25 cm 2 flask at 4 to 7 dpi when the CPE was observed as mentioned in Test 1. The extraction method, RT-PCR reaction conditions, and thermal profile were the same as that described above.
Verification Test 3. RT-PCR specificity for CyHV-3
To verify the specificity of the RT-PCR assay for CyHV-3, 2 additional cyprinid herpesvirus isolates were also analyzed: CyHV-1 from carp and CyHV-2 from goldfish. Both isolates were provided by Dr. H. Fukuda of Tokyo Marine Science and Technology University. CyHV-1 and CyHV-2 were propagated at 20°C in koi fin-1 cells (KF-1: Hedrick et al. 2000) and goldfish fin cells (GFF: provided by Dr. H. Fukuda), respectively. When both cells partly showed a CPE, cells were collected and RNA was extracted with TRIzol. RT-PCR was conducted with primer set B, and the thermal profile was the same as that described above. To prove replication of both viruses in cells, PCR amplifying genomic DNA of both viruses was performed. For amplifying CyHV-1, PCR was performed with primer sets CHV diagnosis-F (5'GGC TAT CAC GCT GAA AGA GG3') and CHV diagnosis-R (5'CGG AGA TAA AGC TGC CTA CG3') (sequence information provided by K. Yamamoto and Dr. H. Fukuda) and a thermal protocol of 35 cycles of denaturation at 94°C at 30 s, annealing at 60°C for 30 s, and elongation at 72°C for 30 s followed by a final elongation step of 72°C for 7 min. The protocol for amplifying CyHV-2 was according to Wal tzek et al. (2009b) .
Verification Test 4. Optimization of the RT-PCR thermal profile
The specificity obtained using RT temperatures of 42, 50, and 55°C, followed by a common PCR cycling profile as described in Test 1 was also compared. The templates used were Templates 1 and 3.
Next, RT-PCR was performed using primer set A and the same thermal profile described in Test 1, except that the PCR annealing temperatures were changed to 55, 60, and 65°C. The templates used for these assays were 10-fold serial dilutions (10 −2 to 10 −6 ) of the RNA extracted from KHV-infected CCB cells, diluted in RNA extracts from healthy common carp gills.
Verification Test 5. Detection of genomic DNA and terminase mRNA of KHV from KHV-infected carp
A KHV isolate (NRIA0308) was propagated in CCB cells cultured in MEM supplemented with 5% FBS. After incubation at 20°C for 14 d, the culture supernatant (virus stock) was stored at −85°C until use. The virus titer of the supernatant was 10 3.8 TCID 50 ml -1 in CCB cells. Common carp (body weight: 1−2 g) were hatched from disinfected eggs of KHV-free broodstock and reared in the isolated area of the National Research Institute of Aquaculture (NRIA) with well water supply until used. Fish were exposed to a 1:10 dilution of viral stock solution in rearing water (30 ml virus solution in 300 ml rearing water) for 1 h. Fish were then rinsed twice in water and reared in a 60 l tank with slowly circulating well water at 23°C. Three fish were then sampled at 0, 24, and 48 h post exposure (hpe) and assayed for the genomic DNA and mRNA of KHV using approximately 20 mg of fish scales. Extraction protocols used for genomic DNA and RNA were the same as those employed for the cultured cells (Test 1). Amplification of the genomic KHV DNA was performed according to Yuasa et al. (2005) . RT-PCR for detecting the mRNA was conducted with primer set A using the optimal thermal protocol (RT at 55°C for 30 min, with inactivation of reverse transcriptase at 94°C for 2 min followed by 35 cycles of denaturation at 94°C at 30 s, annealing at 60°C for 30 s, and elongation at 72°C for 30 s followed by a final elongation step of 72°C for 7 min).
RESULTS
Preliminary test. DNase treatment to remove DNA from samples
PCR products were not obtained using the PCR assays of Yuasa et al. (2005) and Bercovier et al. (2005) with DNAse-treated gill RNA extracted at 3 dpi. However, both PCR assays amplified a product of 292 or 409 bp, respectively, from DNase-treated RNA template extracted from gills sampled at 7 dpi (Fig. 2) . Numbers of KHV genome copies present in the extracted DNA template determined with the real time-quantitative PCR were 2.4 × 10 3 copies and 1.8 × 10 6 copies in 1 µl of the DNA extractions from the gills sampled at 3 and 7 dpi, respectively. This result revealed that the DNase treatment cannot completely remove KHV DNA in samples heavily infected with KHV.
Verification Test 1. mRNA specificity of RT-PCR with the splice junction−annealing primer set A
The RT-PCR performed using the splice junction− annealing primer set A and Templates 1 and 2 produced a clear 219 bp amplicon, and no false amplicons using Template 3 (RNase-treated DNA; Fig. 3a) . The PCR (no RT) performed using primer set A and Templates 1, 2, and 3 produced no amplicon (Fig. 3b) , indicating that the amplicons obtained by the RT-PCR with primer set A originated from mRNA template. The RT-PCR performed using the intron-spanning primer set B and 3 templates indicated the presence of mRNA (224 bp in amplicon size) in Templates 1 and 2, and the presence of genomic DNA (303 bp in amplicon size) in all templates (Fig. 3c) .
Verification Test 2. mRNA from several KHV isolates
The RT-PCR performed using primer set A de tected mRNA of KHV terminase in extracts from CCB cells infected with all of the KHV isolates assayed (Fig. 4) . Lane N indicates the result of a PCR with a negative template (distilled water). Lane 1: amplicons produced using DNA extract from the gills of fish sampled at 7 d post infection (dpi). Lane 2: amplicons produced using DNase-treated RNA extract from the gills of fish sampled at 3 dpi. Lane 3: amplicons produced using DNase-treated RNA extract from the gills of fish sampled at 7 dpi. Note that both PCR assays can amplify KHV DNA in DNase-treated RNA extract from the gills of fish sampled at 7 dpi This result indicates that RT-PCR with primer set A can produce a target amplicon from several KHV strains from widely different geographical areas.
Verification Test 3. RT-PCR specificity for CyHV-3
Cells infected with CyHV-1 and CyHV-2 in culture flasks initially showed CPE at 7 and 10 dpi, respectively, indicating viral replication, and were used for Test 4.
RT-PCR performed using primer set A did not produce any amplicons when used with RNA extracted from either CyHV-1-or CyHV-2-infected cells in these flasks, although PCR performed using primer sets specific for amplifying CyHV-1 and CyHV-2 DNA showed a single clear band at 433 and 366 bp in gels, respectively (Fig. 5) , confirming the presence of the viral species in the target template. This indicates that primer set A is specific to CyHV-3 among cyprinid herpesviruses.
Verification Test 4. Optimization of the RT-PCR thermal profile
RT-PCR performed using Template 1 (total RNA) and primer set A and RT at 42, 50, and 55°C produced a single amplicon of 219 bp for each temperature. RT-PCR performed using Template 3 (RNasetreated DNA) and primer set A and RT at 42°C produced a false amplicon with a size close to that of Results of PCR with a CyHV-1-specific primer set and DNA template from the CCB cells (Lane 2) and with a CyHV-2-specific primer set and DNA template from the GFF cells (Lane 4) are also shown. Note that CyHV-1 and CyHV-2 DNA could be detected by CyHV-1-and CyHV-2-specific PCR (Lanes 2 and 4), confirming virus presence in the cells. Lane M: marker. Lanes P and N indicate the results of RT-PCR with positive (for primer set A) and negative templates, respectively the 219 bp expected for the product (Lane 2 in Fig. 6 ), but not at 50 or 55°C. Non-specific bands were observed using Template 1 in RT-PCR reactions (RT at 55°C) with an annealing temperature of 55°C, but not when RT-PCR reactions had an annealing temperature of 60 or 65°C. The sensitivity of the RT-PCR for detecting mRNA was the same at all temperatures when extracted RNA samples were diluted from 10 −2 to 10 -5 (Fig. 7) .
Verification Test 5. Detection of genomic DNA and terminase mRNA of KHV from KHV-infected carp and CCB cells KHV genomic DNA was detected in KHV-exposed carp at 0, 24, and 48 hpe. In addition, KHV terminase mRNA was detected in these carp at 24 and 48 hpe, but not at 0 hpe (Fig. 8) . The result indicates that KHV which adhered on the fish skin at 0 hpe was not replicating.
DISCUSSION
RT-PCR is a commonly used technique for detecting gene expression. Although the treatment of RNA samples with DNase is used for reducing potential amplification of contaminating genomic DNA, our results indicated that digestion of DNA in the DNase treatment can be incomplete for DNA of virusinfected samples containing a high number of genome copies. Furthermore, DNase treatment may result in the loss of some RNA (Harper et al. 2003) . Taken together, these factors mean that treating the extracted RNA with DNase is not well suited for detecting low levels of RNA. Our study showed that RT-PCR using primers with binding sites in splice junctions of the terminase gene could be used to amplify the mRNA but not genomic DNA in both cultured cells and fish tissues infected with KHV. Primer set A (KHVRT F3/R1), which anneals to the splice junction of Exon 1 −Exon 2 amplified only the sequence of mRNA when RT was performed with temperatures above 50°C. According to the manufacturer's instructions as well as the verification in this study, RT should be performed at 55°C. This study demonstrated that the RT-PCR using primer set A and an optimized thermal protocol (RT at 55°C and annealing in PCR at 60 to 65°C) can detect replicating virus in samples with high sensitivity and specificity.
In general, template targets for amplification in PCR should be single to avoid competition for reaction resources. Therefore, the RT-PCR results ob tained using primer set A, which produced only 1 amplicon, is considered to be preferable to the results obtained with primer set B, which amplified 2 targets (Fig. 3) . Based on this hypothesis, we focused on optimization and verification of the RT-PCR using primer set A in this study. Although it is convenient to use the RT-PCR primer set A to find a single band indicating mRNA, RT-PCR using primer set B can detect both mRNA and genomic DNA at the same time. The choice of primer set A or B may be dependent on whether both replicating virus and genomic DNA or only replicating virus must be detected. In addition, while RT-PCR using primer set A, developed in this study, detected the mRNA of the KHV isolates tested, it did not detect mRNAs of CyHV-1 or CyHV-2, which are related to KHV (Waltzek et al. 2009a ). Therefore, this RT-PCR could be used to detect the mRNA of KHV in samples , and 10 −2 dilutions of RNA extracts obtained from koi herpesvirus-infected common carp brain cells. Note that extra bands were produced with an annealing temperature of 55°C, but not at 60 and 65°C.
Lane M: marker where there is a mixed infection of KHV and CyHV-1/CyHV-2. Selection of the optimal annealing temperature is central to increasing the specificity of any PCR assay (Yuasa et al. 2005 ). In our study, high PCR annealing temperatures of 60 or 65°C, higher than the Tm, were employed in the RT-PCR to re duce the amplification of nonspecific products.
Since genomic DNA is comparatively more stable than mRNA at room temperature, a PCR assay for detecting KHV genomic DNA has certain advantages for diagnosing KHV-infected fish. Genomic DNA can easily be amplified by PCR, even from tissue samples that have begun to decay after storage at room temperature for 1 wk (authors' unpubl. data), demonstrating the stability of the KHV genome in tissue samples. Although the RT-PCR developed in this study may be less suitable for diagnosis of KHV infection due to the unstable nature of mRNA in fish tissues, the assay targets mRNA and can be used to specifically detect the replicating stage of the virus. A PCR assay for genomic DNA was able to identify KHV in fish tissues as soon as 0 hpe. On the other hand, RT-PCR detected KHV mRNA in fish tissues at 24 hpe, but not at 0 hpe when the infectious virus particles had just adhered to the fish. Recently, KHV genomic DNA has been detected in body surfaces of healthy goldfish maintained together with koi that had been experimentally and naturally infected with KHV (El-Matbouli et al. 2007 , Sadler et al. 2008 ). More recently, El-Matbouli & Soliman (2011) suggested that goldfish are susceptible to KHV based on their result that confirmed virus replication in fish by RT-PCR with RNA templates treated with DNase. Their assay was not designed against splice junctions, nor did it consist of an intron-spanning primer set, relying only on DNase treatment to ensure specific amplification of RNA. However, a preliminary test in our study revealed that DNase treatment does not necessarily remove all DNA when present in high amounts. In addition, several researchers have not been able to demonstrate that goldfish disseminate the disease (Ilouze et al. 2011 ). The high reliability with which RT-PCR can detect replicating virus means that the assay may be useful for confirming whether KHV can replicate in goldfish.
Numerous studies on latent infection of human herpesviruses have been conducted to date. The latency-associated transcript (LAT), which plays a role in inhibiting apoptosis and maintaining latency by promoting the survival of infected neurons, has been detected in HSV-1 (Perng et al. 2000) . However, few reports have been conducted on latent infection of herpesvirus in aquatic animals, although it has been suggested that carp surviving KHV infection may become a carrier of the virus (St-Hilaire et al. 2005 , Dishon et al. 2007 ). Currently, we are studying the state of the virus in the main internal organs of carp surviving KHV infection. Since the RT-PCR assay developed in this study to target KHV mRNA can determine whether the virus is replicating in the organs, the method can be used to study the status of KHV in moribund and surviving fish after KHV infection. 
